this protocol describes targetable reactive electrophiles and oxidants (t-reX)-a live-cell-based tool designed to (i) interrogate the consequences of specific and time-resolved redox events, and (ii) screen for bona fide redox-sensor targets. a small-molecule toolset comprising photocaged precursors to specific reactive redox signals is constructed such that these inert precursors specifically and irreversibly tag any Halotag-fused protein of interest (poI) in mammalian and Escherichia coli cells. syntheses of the alkyne-functionalized endogenous reactive signal 4-hydroxynonenal (Hne(alkyne)) and the Halotag-targetable photocaged precursor to Hne(alkyne) (also known as Ht-preHne or HtpHa) are described. low-energy light prompts photo-uncaging (t 1/2 <1-2 min) and target-specific modification. the targeted modification of the poI enables precisely timed and spatially controlled redox events with no off-target modification. two independent pathways are described, along with a simple setup to functionally validate known targets or discover novel sensors. (i) identify bona fide sensitive proteins from global dosing experiments and (ii) begin to understand how these events specifically affect downstream phenotypes (Fig. 1) . The latter is critically important because the broad target spectra of redox signals under super-physiological concentrations probably mask or suppress the phenotypic responses that occur when endogenous amounts of LDEs are generated. LDEs with different chemical structures can have different membrane permeability, stability, toxicity and target affinities, resulting in discrete bioactivities and pathway specificity, as well as differing levels of promiscuity 8, 29, 41, 44, 47 . This information can be obtained only by using methods that probe the specificity, timing and extent to which modification of the specific target alone is adequate to elicit a response. The method described herein can be used to (i) investigate the precise consequences of specific redox events on specific signaling response and (ii) enable targeted screening and discovery of novel redox-sensor genes from precision delivery of specific LDEs.
IntroDuctIon
Chemical redox signals have emerged as major small-molecule modulators in nearly all of life's essential processes 1 . Contrary to their typical pathological role 2 , it is now believed that orchestrated transient fluxes of reactive electrophiles 3 and/or oxidants [4] [5] [6] at low concentrations promote physiological fitness. Unlike traditional second messengers such as phosphate signal carriers, redox signals find their target nonenzymatically, relying upon their inherent chemical reactivity, as well as that of their protein target(s). Such a mechanism necessitates a delicate balance and precise spatiotemporal relationship between the reactive small-molecule signal and the target protein(s) that undergo(es) selective chemical modification against an otherwise unperturbed proteome. These intricacies render specific redox responses difficult to model in living systems. Identification of genuine redox-sensor targets that respond to a specific reactive signal in an otherwise unperturbed cellular setting-comprising many endogenous signaling molecules at basal concentrations, such as oxidants, electrophiles and metabolites-also presents a challenging task.
The emerging significance of lipid-derived signaling electrophiles (LDEs)-such as 4-hydroxynonenal (HNE)-as endogenous redox-linked signal carriers 7, 8 , and small-molecule redox-activator drugs with functional properties similar to these endogenous LDEs [9] [10] [11] [12] [13] , warrants a clear understanding of the role of signaling electrophiles in redox regulation. However, many important biological questions underpinning specificity and timing remain largely unresolved by currently used methods.
Redox responses have been studied by many elegant methods, such as mechanical stretching or shear stress (at the cell level) [14] [15] [16] [17] [18] , and specific growth-factor or metabolite-targeted stimulation under physiologic or pathologic settings [19] [20] [21] -e.g., H 2 O 2 signaling through Nox enzymes 22 , and glucose-stimulated mitochondrial ROS production in hyperglycemia [23] [24] [25] .
In terms of a general pharmacological (i.e., small molecule-based) strategy, the physiologic impacts of nonenzymatic redox-linked protein modifications in living systems are conventionally studied using bolus dosing approaches: an excess of a reactive signal is administered and a specific phenotype of interest is read out 7, 8 , or the gamut of proteins modified are identified by affinity purification followed by mass spectrometry 7, [26] [27] [28] [29] [30] [31] [32] [33] [34] . These powerful approaches have shed light on the functional importance of LDE signaling, and they have identified novel LDE-sensitive targets and pathways. Importantly, these data collectively suggest that distinct LDEs are capable of driving vastly different pathways spanning inflammation [35] [36] [37] [38] , immune response 3, [39] [40] [41] , epigenetic signaling 26, [42] [43] [44] , apoptotic signaling [45] [46] [47] and so on.
Many conventional signaling pathways function through a gain of function or a dominant loss of function-mechanisms that are phenotypic even with low-stoichiometry modifications at a single signaling node. By analogy, it is likely that low-stoichiometry modification of intrinsically reactive proteins is important in redox signaling. Under bolus dosing conditions, these key modifications can often be lost in noise stemming from off-target modification of highly abundant proteins 1, 48, 49 . For example, quantitative proteomics studies have also shown that reactive signals such as HNE covalently label ~1,000 cysteine-active targets under typical global treatment regimens 27, 30, 31 . Accordingly, bolus dosing strategies with reactive signals typically recapitulate complete loss of function 28, 50 , and they are a simple and versatile approach to modeling oxidative damage-associated pathological phenotypes 51 . Whereas modifications of a plethora of targets typically mark the end point of oxidative damage [50] [51] [52] [53] , endogenous physiologic redox signaling is known to occur under localized generation of transient fluxes of basal redox signals 3, 6, 21, 38, 54 . Thus, because bolus dosing uses whole-specimen treatment conditions, it has been challenging to shed light on the specific impacts of specific redox events that are on their own necessary and/or sufficient to prompt signaling response downstream. Thus, a simple transposable method would strongly complement this approach to help researchers not perturb other stress-sensitive pathways such as the NF-κB pathway (ref. 64) , markers for DNA damage and inflammatory signaling, respectively (Supplementary Fig. 3 ). In T-REX, the maximum LDE signal delivered is equal to the concentration of the HaloTag fusion protein (Fig. 2) . Thus, side reactions of the T-REX-liberated LDE with proteins other than the target POI occur at a much lower rate than whole-cell flooding. By contrast, global treatment with reactive LDEs induces time-and dose-dependent cytotoxicity. The effector concentration for half-maximum response (EC 50 ) of viability, for instance, even for the robust cell line HEK-293T, is ~31 µM over 18 h of treatment 8, 56 . Because the typical concentrations used in the literature for redox signaling studies with LDEs, for instance HNE, are above 20 µM and can reach as high as 1 mM over prolonged treatment, users are encouraged to carefully evaluate the extent of loss of cell viability under these conditions and consider associated off-target responses.
T-REX on-demand redox targeting in live cells
Quantification of the extent of modification. Alkyne functionalization enables fluorescence-based quantification of the amount of LDE signal delivered to the POI, and that remains unliberated on the HaloTag (Fig. 2) 56 . The low background signal to the overall proteome, along with the fact that targeting is not achieved when the HaloTag is expressed separately with the POI (the 'nonfused' system, Box 3) 56, 57 , collectively led us to the conclusion that the majority of liberated lipid electrophile that does not hit its intended target is likely intercepted by small-molecule thiols such as glutathione [65] [66] [67] [68] . The percentage of delivery (i.e., the amount of signal that is delivered to the POI with respect to the total initially present in the photocage) is assayed post cell lysis by a series of steps involving TEV (Tobacco etch virus) protease-mediated separation of HaloTag from the POI, click coupling 69 reaction with Cy5-azide and in-gel fluorescence analysis (Fig. 3) . Western blotting of a housekeeping protein (e.g., actin) and the target POI, respectively, normalizes for loading and transfection efficiency across all samples against no-light-exposed and/or no-TEV-treated controls. Subtraction of the amount of signal associated with unreacted photocage on HaloTag accounts for the true percentage of POI molecules modified in the cells (see equation in Step 40A(ix)). The value obtained from this method is broadly similar to that estimated by ion peak integration post liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis 56 .
Generality in the scope of targetable LDEs. Tolerance of HaloTag to a range of sterically demanding groups appended to chloroalkane ligands permits versatile functionalization of the caged precursor 56 , which makes it feasible to deliver LDEs of varying chemical architectures (Fig. 2, inset) . For all the LDEs studied, expressing Halo and POI as two separate proteins, in place of the Halo-POI fusion protein, resulted in no labeling of the POI in the cells, confirming that proximity-based targeting was in operation 56, 57 . In vitro kinetic analyses 56 suggest a two-step targeting mechanism: formation of an initial target-signal encounter complex followed Figure 2 | On-target, on-demand redox signaling enabled by T-REX. Bubbles indicate experimental steps described in the protocol. Either E. coli or mammalian cells expressing HaloTag-fused proteins of interest (POIs) are treated with designated photocaged precursors (5-25 µM, 2 h) to achieve a 1:1 covalent binding between the HaloTag and the photocaged probe. After rinsing cycles, exposure of the cells (for 3-20 min) to low-energy light (0.3 mW/cm 2 , 365 nm) at room temperature elicits rapid liberation of a reactive signal (lipid-derived electrophiles (LDEs), inset) from the photocaged probe bound to HaloTag. Proximity enhancement 62 facilitates on-target, on-demand covalent modification of amino acid residue(s) on the POIs, typically cysteines. HNE is also known to be capable of modifying lysine and histidine (see text). Regardless of residue specificity, T-REX is able to ping one potential responsive protein with a precision dose of reactive lipid. Irrespective of residue identity, in-gel fluorescence analysis reports on the presence of HNE modification on the POIs. Residue specificity in POI modification is determined by LC-MS/MS analysis post cell lysis and resin-assisted enrichment (Fig. 5c) . Once a specific sensor protein has been earmarked by T-REX, target-and residue(s)-specific post-translational modification can be directly linked to the signaling function of interest in an otherwise unperturbed cellular background. T-REX can (i) interrogate specific redox-linked signaling responses and (ii) discover novel regulators that upon selective lipidation are sufficient to elicit a biologically relevant response. Generality and scope in terms of both target and signal specificity are exemplified with distinct vertebrate sensor proteins (e.g., Keap1, RRM1, HSPB7) and structurally distinct LDEs (inset). Pathway activation is analyzed using dual-luciferase reporter assays or GFP reporter assays by flow cytometry. Endogenous downstream gene activation can be analyzed by qRT-PCR and western blotting.
by covalent Michael adduction with Cys residue(s) on the target. Labeling efficiency for a given target is governed by partitioning between the rate of covalent adduct formation and diffusion of the LDE signal out of the coordination shell of the target POI 55, 56 .
A platform for targeted screening and discovery of bona fide sensor genes. One of the major benefits of T-REX is the commercially available HaloTag human and mouse full-length ORF (open reading frame) clone libraries (Kazusa Collection, Promega). This gives an added dimension because it makes screening of potential electrophile-sensitive gene products very simple. As proof of concept, an in-house screen of ten HaloTag proteins allowed us to identify two proteins that are 'first responders' to basal amounts of HNE ( Fig. 4 and Supplementary Fig. 4 ).  crItIcal step A cell density that is too low or too high may result in excessive cell death or poor transfection efficiency, respectively. Higher cell density is also not optimal for imaging. (ii) Transfect cells with the HaloTag-conjugated POI using TransIT-2020 according to the manufacturer's protocol. ( iii) The subsequent steps should be performed 24-36 h post transfection.
Blocking with Halotag tMr (Halo-tMr) ligand and imaging  crItIcal step The following steps should be performed under dim light.
(i) Treat the cells in one dish with HtPHA in 2 ml of serum-free medium. The protocol for treatment with the T-REX photocaged precursor is identical to that in Step 39A(i-ii). (ii) Treat the second dish with serum-free medium containing DMSO instead. (iii) Rinse both sets of cells three times (each time with 1.5 ml of serum-free medium) every 30 min over 1.5 h. (iv) After the third rinse cycle, remove the rinse medium from both dishes and replace it with 2 ml of serum-free medium containing 3 µM Halo-TMR ligand (both dishes).  crItIcal step Make sure that the Halo-TMR ligand is thoroughly mixed by pipetting up and down at least 8-10 times. For each dish, seeding ~4 × 10 5 cells in 2.0-ml total cell culture medium should result in cells that are ~40-50% confluent after 24 h, which represents optimal cell density.  crItIcal step A cell density that is too low or too high may result in excessive cell death or poor transfection efficiency, respectively. Higher cell density is also not optimal for imaging. (ii) Transfect one plate with 1,500 ng of eGFP-Nrf2 plasmids and transfect the second plate with 750 ng of eGFP-Nrf2 and 750 ng of pMIR-DsRed-IRES-Halo-Keap1. Transfect with TransIT-2020 according to the manufacturer's protocol. (iii) Incubate the cells at 37 °C for 24-36 h in a humidified incubator in the presence of a 5% CO 2 atmosphere, and then proceed with imaging and data analysis.
Imaging and data analysis (i) Image cells using a confocal microscope according to the instrument's protocol. (In our case, a Zeiss 710 confocal microscope was used for image acquisition.) (ii) Images were analyzed using ImageJ software. Briefly, the average green fluorescence intensity in the nucleus (F nucleus ) was quantified by tracing a free-hand circle around the nucleus. Next, the average green florescence intensity of the cytosol was measured by tracing a free-hand circle around the cytosol, excluding the nucleus. The ratio of nuclear to cytosolic green fluorescence was subsequently calculated.  crItIcal step To get reliable results, it is important to collect images from at least 100 individual cells per condition.
(iv) DCAF11-a mammalian analog of a stress-responsive protein in Caenorhabditis elegans. We also screened zebrafish HSPB7-a member of the small heat-shock protein family that is highly and selectively expressed in the heart 73, 74 . hspb7 is not upregulated by heat shock 75 , and thus it probably has other regulation mechanisms that are as yet unidentified. Keap1-a redox-sensitive negative regulator of the Nrf2-AR pathway-served as a positive control in the screen 56, 57 . Expression of these proteins was assessed by blotting for Halo protein (assumed to be present in a 1:1 ratio with the fused POI). By this metric, most proteins were successfully expressed, although expression varied. However, in addition to the positive control Keap1, only two proteins from this screen-RRM1 and HSPB7-were modified by HNE ( Fig. 4a and Supplementary Fig. 4 As p53R2 and RRM1 expression was similar and RRM2 (a protein known to have a short half-life 70 ) was also detectable, these data show that RRM1 is probably the HNE-sensitive subunit of active RNR complexes-RRM1/RRM2 and RRM1/p53R2 heterodimers. Other proteins were not appreciably HNEylated. Remarkably, RRM1, p53R2 and PRKCD-previously identified HNE-sensitive hits from global treatment approaches [26] [27] [28] 30, 34 had expression similar to that of Keap1; yet T-REX-assisted HNE delivery was markedly different. By contrast, whole-cell HNE treatment led to nonspecific targeting under otherwise identical conditions ( Fig. 4a and Supplementary Fig. 4a ). Although the reasons behind these differences are likely to be multifactorial and system-and/or context-dependent, when an entire cell is swamped with reactive LDE in excess, the timedependent nature of the underlying covalent chemistry in LDE modification typically controls the extent of off-target labeling, and thus unresponsive proteins in the T-REX screen may react too slowly with HNE to serve as 'first responders'. Less reactive subunits or targets could start to react when HNE is in excess. In a multisubunit protein complex such as RNR, HNE transfer to other subunits could also occur under these circumstances. On the other hand, T-REX releases a maximum of one LDE molecule per HaloTag-POI unit [55] [56] [57] , and the POI is substoichiometrically modified by the liberated LDE [55] [56] [57] . We discuss aspects of existing methods and considerations for potential artifacts below.
Determination of residue specificity. Once the positive result of LDE sensitivity has been established by gel-based analysis, the identity of specific amino-acid residues modified can be determined by standard affinity enrichment followed by LC-MS/MS characterizations (Fig. 3) . For Keap1, the position of the HaloTag (N or C terminus) exerted no influence on cysteine residue labeling by T-REX ( Fig. 5 and Supplementary Table 1 ) 56 . Furthermore, as similar levels of signaling responses are achieved by T-REX and whole-cell LDE stimulation (see Applications section), the ability of T-REX to elicit a response indicates that functionally relevant residues are targeted 56, 57 .
Selection of specific Cys residues is likely to be dominated by individual Cys nucleophilicity in its native microenvironment. Table 1) . Mutagenesis studies previously suggested that other Cys residues within Keap1 can compensate for the lack of C613, underscoring functional redundancy across multiple Cys residues on Keap1 (refs. 56, 57) . Interestingly, global treatment of cells with CHE also resulted in the modification of the same Cys residue on the Halo-Keap1 protein (Supplementary Table 2 ). Our previous LC-MS analysis of Keap1 modifications by HNE, an LDE of much higher reactivity than CHE, under T-REX versus global conditions resulted in nonoverlapping residues, as well as a wider scope of residues modified. Versatility in both mammalian cells and E. coli. We also showed that the method can afford similar precision targeting of reactive LDEs in bacteria, using E. coli as proof of concept. In this example, recombinantly expressed human Keap1 genetically encoded with HaloTag at the N terminus was selectively reacted with HNE(alkyne) using T-REX (Fig. 6) . As in the case of mammalian cells, photocaged precursors did not show adverse effects on the growth rate of E. coli, and they were able to permeate the E. coli cells within 2 h during the logarithmic growth phase when Halo-Keap1 expression was induced at 19 °C. The procedures used for photouncaging and downstream labeling analysis for mammalian cell samples were also transferable to E. coli.
Applications of the method
Redox targeting: establishing target-specific biological sufficiency in specific redox events. A major advantage of T-REX is that it has the potential to decode the gain-of-function (or dominant loss-of-function) consequences of specific redox events in living systems in a time-resolved manner. This benefit is not offered by any existing tool, despite the growing interest from both the academic and pharmaceutical communities. One critical pathway regulated by redox signaling is the Nrf2-AR axis. The conserved Nrf2-AR pathway is a gatekeeper for the expression of hundreds of detoxification and antioxidant genes that are essential for cytoprotective defense in all cell types in metazoa. (2) b (4) b (3) b0 (3) b0 ( (5) y0 (6) y0 (8) y*(8) y (5) y (6) y (7) y (8) y (10) y(12)++ y(10)++ This pathway also has an essential role in aspects of physiology, such as organogenesis and life-span regulation, and, conversely, in various disease states, such as tumor metastasis and drug resistance 71, 76, 77 . There are many electrophilic pharmacophores (e.g., tecfidera, bardoxolone, sulforaphane, curcumin) 9-13,78 with chemical reactivity similar to that of the endogenous AR stimulator HNE-which is a reactive signaling compound known to have >800 cysteine targets under bolus dosing conditions 27, 30, 31, 34 . These electrophiles are believed to confer therapeutic benefits by upregulating, among others, the Nrf2-AR pathway [9] [10] [11] [12] [13] 78 . The use of T-REX in cultured human cells enables targeted Nrf2-AR pathway activation with precise timing and without perturbing other redox-sensor protein networks [55] [56] [57] . T-REX has shown that targeted HNEylation of one of the many redox-sensitive AR regulators, Keap1, with low stoichiometry is sufficient to stimulate maximal AR within the complex multisensor protein networks regulating Nrf2. ('HNEylation' is defined as a post-translational modification of a protein by HNE through covalent chemical conjugation to any residue. The target residue is most often cysteine, but HNE can also react with lysine and histidine residues 30,79-81 .
Our gel-based analysis of T-REX targeting assessment shows no prejudice regarding residue specificity, nor the specific chemical identity of adducts formed.) In this way, we were also able to rule out the proposed HNE-sensing ability of Nrf2 itself, as cooverexpression of Nrf2 (which directly binds Halo-Keap1) does not result in HNEylation of Nrf2 in cells 57 . In addition, because reactive LDEs such as HNE will react with any isolated protein bearing Cys (and also His and Lys residues, depending on incubation time and concentration 3 ), T-REX is an ideal method for determining functionally relevant modification events that are sufficient to trigger signaling.
Gel-based fluorescence quantification shows that the amount of LDE, exemplified by the cyclohexenone analog CHE (Fig. 2 inset), reacted with Keap1 under whole-cell LDE treatment conditions (25 µM, 20 min, EC 50 (viability) ~90 µM) is ~6-fold higher than that achieved under T-REX 56 . However, global treatment provides no additional bonus in terms of the magnitude of AR upregulation. The percentage of Keap1 molecules modified under T-REX conditions can be determined easily based on two independent methods of quantification: in-gel fluorescence (vide supra) and ion peak integration 56 . For a representative targeted modification of Keap1 with cyclohexenone-derived LDE (Fig. 2,  inset) , the two methods yielded percentage targeting efficiencies of 19% and 15%, respectively 56 . Controls showed that the Nrf2-AR upregulation phenotype is not due to T-REX affecting the proteasomal pathway that regulates steady-state Nrf2 protein levels 57 . The observed Nrf2-AR upregulation was also not due to untargeted delivery because AR activation did not occur when HaloTag and the target POI, Keap1, were overexpressed as two separate proteins 56, 57 . Keap1 is unusually cysteine-rich, and it reacts rapidly with electrophiles, so this experiment gives a high degree of confidence that T-REX does not perturb other sensor proteins that regulate Nrf2-AR in the cell. In fact, the result allowed us to postulate that T-REX proceeds via a target-signal encounter complex formed specifically because the electrophile is juxtaposed to the target upon photo-uncaging 56 .
Redox targeting: interrogating signal-specific and on-target signaling strength. We have also developed an integrated electrophile toolbox that enables targeted delivery of various linear enal, enone and cyclic-enone-based LDEs to specific sensor proteins in cells (Fig. 2 , inset) 56 . Targeting efficiency is not largely influenced by intrinsic electrophilicity of the reactive signals. This observation is consistent with in vitro kinetic data, which show largely similar initial on-rates of LDE adduction of Keap1 (ref. 56 ). Thus, T-REX probably creates a microenvironment that behaves as if the target POI has been transiently treated with saturating LDEs. The ability of the T-REX LDE toolbox to provide a range of signaling LDEs opens a new avenue to quantitatively dissect how a specific sensor protein or pathway deals with specific reactive LDEs. Using Keap1 as a model sensor protein in cells, T-REX provides a means to elucidate how reactive LDE modifications directly translate to the strength of Nrf2-AR activation. In addition, the case with a cyclopentenonebased LDE (namely, CPE, Fig. 2 inset) 56 helps exemplify the potential utility of T-REX in the identification of novel small molecules that elicit pathway activation only through targeted delivery, but fail to activate AR from whole-cell flooding before toxicity 56 .
Quantification of signaling response in subpopulations. We have described various methods that report on average increases in AR signal across the whole population. We stress that to identify new signaling effects of POI-targeted redox modifications on any other transcriptional pathways of interest users can simply replace the Nrf2-AR activation reporter plasmids used herein with any of the tens of signal transduction reporter plasmids that are commercially available in both luciferase-and GFP-reporter formats (e.g., one commercial source that we have used is the Cignal 45-Pathway Reporter Array from Qiagen). So far, we have shown pathway modulation using the dual-luciferase assay, which reports transcriptional activation of Nrf2-driven AR (refs. 56,57) , as well as qRT-PCR (ref. 57 ) and western blotting analyses, which evaluate AR-driven downstream genes at the mRNA and protein levels, respectively 56, 57 . These data that look at AR upregulation in ensembles of cells on the whole show little or no difference in the manner in which T-REX and whole-cell HNE exposure stimulate AR. Herein, we report an orthogonal flow cytometry assay that shows the extent of AR-driven GFP expression ('the GFP reporter assay' hereafter) (Fig. 7) . This assay allows us to compare the effects of whole-cell HNE flooding and the T-REX approach on AR on a cell-by-cell basis. In this flow cytometry assay, live cells are first gated by forward (size) and side scatter to give a general population of healthy cells (Fig. 7a) . This specific gating is applied to each data set (e.g., photocaged precursor Ht-PreHNE alone, light alone and so on). This population should be a single group, and it should be the largest single population for each data set. We gated the scatter group in several ways, and similar downstream results were obtained, but it is important that each data set (including all appropriate controls) be gated the same way. Analyzing this scatter group for green fluorescence (AR reporter) told a story that was slightly different from that painted by our previous ensemble experiments 56, 57 . Intriguingly, whole-cell HNE treatment strongly increases AR in a subset of cells, principally those showing a medium level of AR in the ground state. Notably, there is little change in cells with low basal AR (Fig. 7b) .
On the other hand, with T-REX, the increase in GFP signal stemmed from an increase in AR in all but the cells with the highest basal AR (Fig. 7b-d) . We attribute the lack of effect on cells with a high basal AR to the fact that these cells express a lower level of Keap1 protein with respect to Nrf2, rendering them less susceptible to specific AR upregulation by T-REX. Nonetheless, T-REX enables the initiation of AR in a larger fraction of the cell pool than does global HNEylation, and it does not hyperstimulate AR. Given that T-REX shows that most cells can respond to low-occupancy HNE stimulation through Keap1 modification, it is likely that the small number of responders seen with HNE is a result of the compensatory suppression of AR due to alkylation of multiple proteins. Such an observation would be consistent with T-REX being able to mimic endogenous LDE signaling, and it is thus further consistent with the low off-target spectrum associated with T-REX and the fact that T-REX faithfully reports on AR signaling selectively through Keap1 (refs. 56, 57) .
Generality across other redox-sensor targets and pathways. We further validated the application of T-REX beyond the targeted perturbation of Nrf2-AR signaling axis by selective downregulation of a key redox-sensitive tumor suppressor protein, PTEN 82 . Oxidation or alkylation of PTEN by LDEs is known to inactivate PTEN phosphatase activity [83] [84] [85] . PTEN modifications elicit dominant loss of function of PTEN [86] [87] [88] , and thus minor modifications can result in measurable accumulation of its cellular substrate, phosphatidylinositol 3,4,5-triphosphate (PIP3). Building on our previous work that establishes T-REX-assisted HNEylation of PTEN 55 , we here showed that T-REX also offers a means to temporally modulate the PTEN signaling. Two different orthogonal and established readouts-immunofluorescence (IF) analysis of endogenous PIP3 levels in fixed cells (Fig. 8) and FRET-based 'lnPAkt' (indicator of phosphoinositide based on Akt) reporter assay 89, 90 in live cells (Fig. 9) -were used. The representative images of fixed cells in Figure 8 and live cells in Figure 9 both underscore that T-REX coupled with either IF or FRET assays is nonintrusive to cellular integrity-an aspect that we encourage users to be aware of before proceeding to data quantification. Although the fold changes in the measured FRET signals (Fig. 9) are small, they are within the range previously established for growth factor-induced or pharmacological perturbation of the same pathway using the identical lnPAkt FRET reporter plasmid 89, 90 (Figs. 8 and 9 ). These outcomes also suggest that as in Nrf2-AR signaling 56, 57 , single-target redox modulation events can be important physiological events that can fully recapitulate a variety of cellular redox processes.
Identification of novel sensor genes: discovering novel redox regulators sufficient for a specific response. This can be accomplished using the procedure for the representative HaloTag ORFclone library screen (Fig. 4 and Supplementary Fig. 4 ) and subsequent probing of transcriptional response (Fig. 2) . The initial screen, target validation and downstream response studies are all built on T-REX.
Identification of novel sensor genes: precise assessment of redox sensitivity in combination with proteomics and transcriptomics-based target ID approaches. T-REX, in unison with these existing technologies, provides unparalleled opportunities for accurate characterizations of their precision response to specific LDE signals delivered to a specific sensor protein at a specific time ( Fig. 4a and Supplementary Fig. 4a ). enzyme-assisted post-translational modifications such as phosphorylation. Accordingly, classic genetic approaches are not optimal for the study of the temporal and spatial dynamics underpinning redox signaling. Targeted knockdown and/or knock-in approaches 91, 92 assume the presence of one protein will be necessary for the desired response to occur. Even though a specific protein may be necessary for a particular signaling event under endogenous signaling conditions, such a scenario is unlikely to be the case under typical bolus dosing because of functional redundancy among sensor proteins and the pathways that they regulate. Knockdown also often disrupts protein-protein interactions that are essential for functional intercommunication within multicomponent signaling networks. Specifically, protein expression levels fluctuate so drastically during dynamic physiological processes such as development 93 that redox perturbation under steady-state conditions often elicits pleotropic effects that are challenging to interpret. The modifications are also largely nonsequence-and nonsite-specific 1 , and many redox-sensor proteins have multiple functionally redundant Cys residues 1, 49 . Mutagenesis strategies are thus not always effective. Innovative quantitative proteomics platforms, on the other hand, have opened exciting doors to profiling relative Cys reactivity within the human proteome 26, [28] [29] [30] 32, 33, [94] [95] [96] . Chemical biology methods for site-specific analysis and global mapping of cysteine modifications onto the redoxome are also established 26, 28, 30, 32, 33, [94] [95] [96] . Despite the powerful capability to rank reactivities and define the sites of modifications, the chemoproteomics strategies with global LDE exposure provide no ability to perturb specific targets on demand. Downstream validation is difficult because it typically involves replicating the swamping experiments in knockdown cells and measuring changes to the pleiotropic response, conditions in which temporal and target resolution are both low. T-REX is an exciting starting point in addressing these outstanding biological questions; it generates answers to a subset of important questions that strongly complement those addressed by existing whole-cell probing and profiling methods. (Fig. 5a ) fusion of the tag the engineered protein binds Nrf2 and maintains cytosolic localization similar to that of native Keap1 (Box 2). Likewise, Halo-RRM1 has reductase activity largely similar to that of its non-HaloTagged counterpart. To date, T-REX targeting has been demonstrated only with HaloTagging [55] [56] [57] . However, one would expect T-REX to function equally well on other similar fusion proteins (e.g., SNAP or CLIP tags 97 ), provided that the appropriate ligands were available. By extension, in cases in which proteins of interest have high-specificity and/or high-affinity ligands that tolerate chemical modification, a specific T-REX photocaged precursor targeting an endogenous POI could be tailor-made. In other words, the chloroalkane recognition unit within the photocaged precursor (Fig. 10) could be replaced with a known ligand of the endogenous target POI under study. However, one must first ensure that the modified ligand can interact with the POI and determine photo-uncaging efficiency.
Comparison with other methods

Limitations and considerations
Overexpression and nonspecific response. Although the technique currently uses overexpressed proteins, overexpression does not appear to bias the outcomes in favor of delivery [55] [56] [57] -an outcome that was part of the initial design concept and must hold for a pseudo-intramolecular delivery mechanism. Nonetheless, we recommend independent case-by-case assessments using controls similar to the following. In the study of the Nrf2-AR pathway, we ruled out the contribution of untargeted delivery to T-REX-mediated pseudo-intramolecular delivery, using three independent lines of evidence 56 . The best and most general control is to simultaneously overexpress HaloTag and the target POI as two separate proteins (termed the non-fused system) and to replicate the experiments and look for loss of downstream response 56, 57 (Box 3). To confirm that the photocaged precursor molecule interaction with HaloTag is required for delivery, the D106A HaloTag point mutant 60 , which is unable to form a covalent bond with the chloroalkane unit, is recommended. We have also found empirically that overexpression levels of many proteins can be dialed down by selecting for cell lines that have integrated the plasmid post transfection. This approach also limits potential variability due to transient transfection of the POI 56 . One can also use less powerful or inducible promoters in mammalian cells or E. coli, which lack a specific importer (lacZY), allowing IPTG concentrations to be more accurately titrated (Tuner, Novagen). Alternatively, overexpression of Halo proteins may be executed in a null background using cells in which the endogenous variant is knocked out 91 .
Comparison with existing methods. Most small-moleculebased methods for identifying HNE-sensitive proteins rely to some extent on bolus dosing 27, 30, 31 . The principal alternative to T-REX is activity profiling. This has been carried out mostly in lysates 26, 28 , but also more recently in cells 29, 30 . Importantly, several differences between lysate-based and cell-based data have been delineated 30 , which underscores the need for better methods to probe reactivity in biologically relevant contexts. Powerful approaches for profiling both serine and cysteine residues-the latter being the most likely HNE-modified residue 26, 28, 30 -exist in the literature. Histidine and lysine-residues that may react with HNE 79-81 -are currently not able to be profiled. Thus, activity profiling can identify many potential LDE-reactive cysteines (~1,000) in a high-throughput manner 26, 28, 30 : addition of an excess of LDE that competitively binds to the profiled cysteines can be detected because those cysteines that bind the LDE are lost from the profiling pool. Profiling thus has benefits over T-REX in that it can identify many specific cysteine targets on specific proteins rapidly (T-REX can be used to identify specific cysteines, but it is more time-consuming). Furthermore, because the proteomics profiling method profiles activity, it can potentially report on cysteines or enzymes that are not HNEylated but that are functionally coupled to an off-target HNEylation event, e.g., through changes in complexation or cysteines that are on enzymes whose stability is compromised under reaction conditions. Depending on the goal of the experiment, such an outcome may or may not be desired. However, ultimately, a hit on profiling does not necessarily mean that a bona fide HNEylation event has occurred, and thus multiple downstream validations are required after the initial hits have been identified. Furthermore, profiling is limited by the number of cysteines that can be identified by the activity probe used, which, although high, is not exhaustive. Many wellknown reactive enzymes, such as Keap1, are rarely observed in reactivity profiling.
By contrast, the whole ORFeome of mouse and human is available as Halo-tagged clones (Kazusa collection, Promega), which makes high-throughput screening with T-REX possible. Although initial screening is more laborious than profiling, T-REX is streamlined to allow downstream pathway interrogation using reporter assays such as dual-luciferase-and GFP-based transcriptional reporters (shown in Steps 40C and 40D of the PROCEDURE). We believe that a combination of profiling (to generate potential hits) and T-REX (for validation and downstream signal interrogation) is the most powerful approach.
Alternatives to profiling include direct identification of HNEylated proteins by MS 35, 37, 43, 44 pulldown assays using radiolabeled HNE 98, 99 and in vitro HNEylation 43, 80 . These methods are all relatively low throughput and do not lend themselves to downstream signaling pathway interrogation. However, similar to T-REX, they do identify a specific modification of a specific protein, but under uncontrolled swamping conditions.
Further modifications of the LDE signal. LDE signals themselves can be modified by reduction 3, 98 , oxidation 3 , alkylation 27, 98 and other secondary processes. This is an intrinsic property of LDEs, and for this reason in all methods using LDEs one cannot assume that the active species is the specific LDE added. Although little work has been carried out to compare how faithfully each method reports on modification by the intended electrophile as opposed to a metabolite thereof, because of the low dose of LDE generated and the 'faster than diffusion' kinetics required for T-REX to occur, it seems likely that T-REX will be relatively less susceptible to chemical modification of the LDE than approaches based on bolus dosing (where the electrophile is in excess).
Relevance to 'real-life' situations. T-REX is a tool used to identify and interrogate a single (or potentially a small number of) specific protein modification(s) at a time through a native reactive chemical signal. It is best used to model redox signaling, in which modest perturbations to a pre-existing cellular reactive lipid electrophile pool elicit a beneficial 3, 38, 54 , typically cytoprotective response, such as AR 3, 38, 54, 71, 77 . 'Signaling' can occur because changes in an LDE upregulation can be compartmentalized, or 'directed' to a specific target and because second-order rates of association with an LDE vary widely for different enzymes 26, 27, 34 . Furthermore, because LDE levels (and hence targeted labeling by T-REX) are low, signaling events probably occur through gain of function or dominant loss of function. (If LDE modification causes inhibition of enzymatic activity, unless this is a dominant phenotype (as is the case for PTEN 82, [86] [87] [88] ), the modification may not be phenotypic during redox signaling because of the low concentrations of HNE, leading to low target protein occupancy.) Because T-REX can label only a small percentage of the total target protein present, the requirements for observing a response are similar to those for lipid signaling. Furthermore, T-REX 'directs' HNE to a target enzyme in a manner similar to endogenous signaling, thereby mimicking 'redox signaling' reasonably well. Individual pathological effects of overproduction of LDEs can also be interrogated, in principle, using T-REX, for example, to interrogate the extent to which HNEylation of a specific protein may elicit apoptosis. However, as pathological effects stem from hyperproduction of LDEs, in which complete loss of function could occur, ancillary factors or a high percentage of modifications of the target may be required to recapitulate these scenarios, which would render T-REX less useful.
LDE chain length.
HaloTag is unreactive to the reactive electrophiles, and it thus generally serves as a good point source of reactive signals 56 . However, we have found that the hydrophobic surface of Halo can interfere with efficient release of long-chain (> ~15 carbons) fatty-acid-derived LDEs-for instance, 2-HD 56 ( Fig. 2, inset) . This was presumed to occur because 2-HD binds nonspecifically to Halo, allowing noncovalent association to occur after photo-uncaging. Consistent with this assertion, in vitro 2-HD release assays in the presence of 1% (wt/vol) SDS led to efficient liberation, whereas no liberation was observed without SDS 56 .
In principle, the problem may be solved by the use of alternative tags, such as CLIP and SNAP tags, in place of HaloTag, along with modification of the chloroalkane unit of the photocaged precursors to the benzyl-cytosine or benzyl-guanine motif-the covalent recognition units for CLIP-and SNAP tags, respectively 97 .
Number of reactive motifs on LDEs.
If the LDE signal houses more than one reactive group, as in the case with 4-oxononenal (ONE, Fig. 2 inset) , the specificity will be lost because a reactive enone moiety is exposed within the photocaged precursor itself before photo-uncaging 56 . Dual photocaging of the ketone, as well as of the aldehyde of ONE, is a viable solution. For instance, protecting the aldehyde function with the anthraquinone and the ketone with an o-nitrobenzyl-derived acetal would enable simultaneous uncaging of both ketone and aldehyde. Alternatively, one could use a semistable protecting group for the ketone motifsuch as an acetal-with a half-life longer than the 2-h incubation time. In this way, after 2-h incubation of cells with the photocaged precursor, light exposure would liberate the aldehyde, and unmasking of the ketone motif would happen on a similar time scale, only after photo-uncaging of the aldehyde.
Cell type and viability. Although the light source is of low energy (Fig. 2, Supplementary Fig. 1 , and Supplementary Videos 1 and 2) and does not affect cellular viability within the time scale and types of cells thus far used (assessed by AlamarBlue and Trypan blue assays 56 in HEK-293, COS-1 and E. coli), it is important to independently validate potential effects on cell viability.
MaterIals
REAGENTS
Reagents for chemical synthesis
Ethylenediamine Figure 10 | Chemical syntheses of HNE(alkyne) 55 (also see Fig. 1 inset) , and HaloTag-targetable caged precursor to HNE(alkyne) 55, 56 , also known as Ht-PreHNE 56 or HtPHA 55 . Wash buffer A Wash buffer A is 50 mM HEPES, pH 7.6, 100 mM NaCl, 10 mM imidazole and 5 mM BME. Wash buffer B Wash buffer B is 50 mM HEPES, 100 mM NaCl, 20 mM imidazole and 5 mM BME, pH 7.6. Elution buffer The elution buffer is 50 mM HEPES, pH 7.6, 100 mM NaCl, 200 mM imidazole and 5 mM BME. LB-ampicillin-chloramphenicol medium LB-ampicillin-chloramphenicol medium is 100 µg/ml of ampicillin and 30 µg/ml chloramphenicol in the desired volume of LB medium. LB-kanamycin medium LB-kanamycin medium contains 50 µg/ml of kanamycin in the desired volume of LB medium. HaloTag-targetable precursor to HNE(alkyne) (also known as Ht-PreHNE or HtPHA) Make a stock of 150-200 mM HtPHA in DMSO. Determine the concentration using a UV-visible spectrophotometer (at 25 °C, Stir the mixture for 1 h at room temperature and then for another hour at 60 °C (Fig. 2 inset and Fig. 10 ). ! cautIon NaH releases a flammable gas (hydrogen) on contact with water and other protic solvents. Keep it away from naked flames and use it in a fume hood.
2|
Cool the mixture to 45 °C and add 2 ml of 1 (16.4 mmol). Heat the reaction back to 60 °C and stir it for 1 h.
3|
Slowly add 20 ml of 1 N HCl at 0 °C, extract it with ether (50 ml ×3) and dry it with magnesium sulfate (200 mg or more until the newly added powder no longer clumps upon swirling).
4|
Purify the residue after concentration in vacuo by using flash chromatography with hexanes:EtOAc (2:1 vol/vol) as the eluent to obtain alcohol 2. (R f = 0.5 hexanes:EtOAC 2:1).
? trouBlesHootInG  pause poInt Alcohol 2 can be stored in a sealed glass vial in a −20 °C freezer for a minimum of 6 months.
5| Dissolve 1.44 g of the product 2 (28 mmol) in 40 ml of CH 2 Cl 2 . Add 5.53 g of PCC (56 mmol) and stir the mixture at room temperature for 1 h.
6|
Filter the reaction mix through Celite (~10 g).
7|
Concentrate the filtrate and isolate the aldehyde 3 after separation via flash chromatography using hexanes:EtOAc 9| Stir the mixture overnight at room temperature. Add aqueous ammonium chloride (10 ml) and extract the aqueous phase with CH 2 Cl 2 (70 ml ×3).
10|
Collect the organic layer, dry it, concentrate it and isolate ester 4 using flash chromatography with hexanes:EtOAc (vii) Add saturated NaHCO 3 (50 ml), extract the aqueous phase with DCM (40 ml ×3), dry it with Na 2 SO 4 (200 mg or more, until the newly added powder no longer clumps upon swirling) and concentrate it. (viii) Isolate the desired product 7 after flash chromatography using hexanes:EtOAc (6:1 vol/vol) as the eluent.
? trouBlesHootInG  pause poInt 7 should be promptly used in the subsequent step. Temporary storage (<1 week) is possible in moisture-free conditions and at low temperature (≤ −20 °C). (ix) To deprotect the THP group, weigh out 0.26 g of 7 (0.87 mmol), add 0.66 g of pTsOH (0.35 mmol) and 25ml of MeOH.
Stir the mixture overnight. (x) Add NaHCO 3 (50 ml), and extract the aqueous phase with EtOAc (40 ml ×3). Wash it with water (40 ml) and concentrate it in vacuo.
(xi) Isolate the desired product 8 after flash chromatography using hexanes:EtOAc (4:1 vol/vol) as the eluent.  pause poInt 8 is immediately used in the subsequent step. Temporary storage (<2 d) is possible under airand moisture-free conditions at low temperature (≤ −20 °C).
synthesis of the anthrahydroquinone cage • tIMInG 3 d 12| Weigh out 1 g of 1-hydroxyanthraquinone (9) (4.46 mmol). Dissolve it in 100 ml of 5% NaOH in 1:1 MeOH:ddH 2 O under argon (Fig. 10) .
13| Add 4.3 g of Na 2 S 2 O 4 . Heat the mixture to 70-75 °C for 10 min, and then add 3.0 ml of 2-propenal (44.6 mmol).
Heat the reaction mix and reflux it overnight.
14| Let the mix cool and then add it to a cold 200-ml solution of 2.5% H 2 SO 4 . Extract the aqueous phase with 3 × 50 ml of CH 2 Cl 2 , combine the organic phases and dry the combined organic phases over CaCl 2 (10 g, 48 h ).
15|
Concentrate the sample in vacuo and purify the residue via flash chromatography using 2:1 hexanes:CH 2 Cl 2 as the eluent to obtain 10 (ref. 102).
16| Weigh out 0.2 g of 10 (0.76 mmol) and dissolve it in 10 ml of DMF.
17|
Add 0.27 ml of benzyl bromide, 0.628 g of potassium carbonate and 0.038 g of potassium iodide. Stir the mixture for 1 h at 65 °C and subsequently cool it to room temperature. A color change from dark purple to orange should be observed as the reaction progresses.
18| Dilute the mixture with 50 ml of water and extract the organic layer using 50 ml of EtOAc.
19|
Wash the organic layer with 50 ml of water, 50 ml of brine and 50 ml of 1N HCl. Dry and concentrate the mixture in vacuo to yield 11 as a yellow solid (R f = 0.1 hexanes:EtOAc 30:1; benzyl bromide 0.8).
 pause poInt 11 can be stored in a sealed glass vial in a −20 °C freezer for at least 6 months.
20|
Dissolve 0.23 g of compound 11 (0.65 mmol) in 50 ml of CH 2 Cl 2 . Cool the solution to −78 °C in an ice bath made using acetone and dry ice.
21|
Bubble O 3 through the mixture using an ozonator for 15 min, followed by the addition of 4.5 ml of Me 2 S. Allow the mixture to warm up to room temperature and let it stir for 10 h. ! cautIon Me 2 S has a pungent stench and must be used in a fume hood.
22|
Concentrate the reaction mix in vacuo. Dilute the reaction mix with 50 ml of EtOAc and wash it with 50 ml of water.
23|
Collect the organic layer, dry it with Na 2 SO 4 (100 mg or more until the newly added powder no longer clumps upon swirling) and concentrate it to yield 12 (R f = 0.6 hexanes:EtOAc 3:1).  pause poInt 12 should ideally be promptly used in the subsequent step. If a pause is required, the purified material can be stored for up to 3 d at −80 °C in a moisture-free argon atmosphere. ? trouBlesHootInG 32| Degas the mixture by sequential vacuum exposure, and then by purging with nitrogen (three times); refill the flask with hydrogen gas (1 atm) at room temperature and stir it for 1 h.  crItIcal step Rigorously degassed solvent must be used to expel dissolved oxygen.
24|
33|
Filter the reaction mixture through a 4-cm-deep pad of Celite (5 g), and concentrate it to yield 15 as a yellow solid (R f = 0.5 hexanes:EtOAc 1:6). ! cautIon Activated Pd/C is pyrophoric; do not let the powder completely dry out when filtering (chase with excess EtOAc), and store waste in a dedicated container that is wetted with water. 
34|
Downstream analyses 40|
The nature of the downstream analyses used will depend on the objectives of the experiment. Using Nrf2-AR signaling as a model response pathway, here we describe six different methods for analyzing the effects of protein-specific modification with LDEs. Option A describes how to quantify targeting efficiency using click coupling; the first step in this process is to lyse the cells (mammalian or bacterial) obtained at the end of Step 39. Option B describes steps for liquid-chromatography-coupled tandem mass spectrometry (LC-MS/MS) analysis to determine which residue(s) on the POI are modified by HNE(alkyne). His 6 -Halo-Keap1, with a TEV cleavage site between Halo and Keap1, is used as an example of a Halo fusion protein that contains cysteines to be modified in this protocol. The following protocol is carried out with HEK-293 cells in a 4 × 21 cm 2 adherent culture dish. The amounts of reagents used in this protocol can be scaled up or down according to the size of the adherent culture dish used.
Options C and D describe how to evaluate the extent of downstream transcriptional activation as a consequence of targeted redox modification on a specific sensor POI upstream, either by dual-luciferase reporter assays with the use of a plate reader detecting bioluminescence in cell lysates (option C) or by GFP reporter assays with the use of a flow cytometer detecting GFP fluorescence in live cells (option D). In both cases, the Nrf2-AR transcriptional activation is used as an example readout as a result of Keap1-targeted HNEylation.
Options E and F describe how to probe the functional downstream impact on endogenous biological entities triggered by targeted redox modification of an upstream sensor POI, either by antibody staining of the endogenous species in fixed cells (option E) or by FRET-based biosensor readout reporting cellular levels directly in live cells (option F). The measurement of changes in endogenous PIP3 phosphoinositides is used as an example of the result of targeted HNEylation of PTEN lipid phosphatase that is coupled to the accumulation of cellular PIP3 levels. Load 20 µl into each well of a 10% (wt/vol) polyacrylamide gel, and resolve by electrophoresis.  crItIcal step 4× Laemmli buffer should be warmed in advance to ensure homogeneity. Fresh SDS-PAGE buffer should be used to reduce the background signal. It is recommended that the wells of polyacrylamide gel (remove buffer in the wells using a P-200 Pipetman with a loading tip, repeat for 4-5 times) be rinsed before loading the samples with fresh SDS-PAGE buffer to enhance the signal-to-noise ratio. (vii) Upon completion of the gel electrophoresis, rinse the gel with 20 ml of ddH 2 O (×2, 5 min) and analyze for a Cy5 signal using a ChemiDoc-MP imaging system (Bio-Rad; see Equipment Setup). Any alternative fluorescence gel imager platforms can be used in this step.  crItIcal step Rinsing reduces the background signal. It is recommended that the gel be rinsed several times and that it be analyzed after each rinse to obtain the optimal result (highest signal-to-noise ratio). (viii) Transfer the gel to a PVDF membrane for western blot analysis. After transfer is complete, block the membrane with 10% (wt/vol) milk in Tris-buffered saline containing 0.2% (vol/vol) Tween 20 (i.e., TBST), and then probe it with anti-Keap1 and anti-actin antibodies (see materials list for dilutions). Step 39A, except: Cells should be treated with the T-REX photocaged precursor at a concentration of 25 µM in 300 µl of serum-free medium; rinsing should be performed with 300 µl of serum-free medium; and post light shining, the cells should be incubated for 18 h before measuring luciferase activity. 
teV purification
The typical yield of TEV protease is 0.5 mg of pure protein per gram of cell pellet. 
In-gel fluorescence to determine labeling
